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Highlights 

e A novel enzymatic process is developed for production of theabrownins. 

e Enzymes in a microorganism-free system convert tea polyphenols to theabrownins. 
e A theabrownins level of 56 g/L was attained in 44 h. 


e Theabrownins productivity was nearly 1.3 g/L h. 


Abstract 

Theabrownins were produced from infusions of sun-dried green tea leaves using a crude 
enzyme concentrate of Aspergillus tubingensis TISTR 3647. This fungus had been isolated 
from a solid state fermentation of Pu-erh type tea. The crude enzyme concentrate contained 
activities of peroxidase, catechol oxidase and laccase. The enzyme concentrate effectively 
oxidized the phenolic compounds in green tea infusion to theabrownins. A theabrownins 
concentration of 56.0 g/L was obtained in 44 h. The reaction mixture contained the green tea 
infusion and crude enzyme concentrate in the volume ratio of 1: 0.205. The tea infusion had 
been produced using 200 g of tea leaves per liter of distilled water. The reaction was carried 
out in a stirred bioreactor at 37 °C with an aeration rate of 1 vvm, an agitation speed of 250 
rpm and a controlled pH of 7.0. Peroxidase, catechol oxidase, and laccase acted 
synergistically to convert the phenolic compounds in green tea infusion to theabrownins. 
Previously, theabrownins had been produced from green tea infusions only by using live 
fungal cultures. Production using the microorganism-free enzyme concentrate was 
comparable to production using the fungus A. tubingensis TISTR 3647. The proposed novel 
production process using the fungal crude enzymes and green tea infusion, offers a more 
controlled, reproducible and highly productive option for commercial production of 


theabrownins. 


Keywords: Theabrownins, enzymatic production, microbial fermentation, Aspergillus 


tubingensis 


1. Introduction 

Theabrownins (TBs) are water soluble polymeric tea pigments found in Pu-erh tea of 
China. Pu-erh tea is made from fully fermented leaves and buds of the broad-leaf variety of 
the tea plant (Camellia sinensis var. assamica (L.) O. Kuntze; Theaceae). Some of the 
health-related claims attributed to Pu-erh tea (Lee and Foo, 2013) are partly linked to the 
presence of theabrownins. Pu-erh tea may contain around 120 g TBs/kg of dry tea leaves 
(Wang et al., 2011). TBs are derived from various phenolic compounds (catechins and their 
derivatives; theaflavins, TFs; thearubigins, TRs), polysaccharides, proteins, lipids and 
caffeine found in tea leaves. The color of the infusions of different types of teas depends on 
the concentration and types of the pigments present. Tea pigments include the orange-red TFs, 
the red-brown TRs and dark brown TBs. 

In vitro production of tea pigments, particularly TFs and TRs, by chemical and 
enzymatic oxidation of catechins and other phenolic compounds has been intensively studied. 
A combination of NaHCO3 and K3[Fe(CN)]« is widely used as a chemical oxidizing agent. 
Similarly, the tea leaf polyphenol oxidase (PPO, specifically catechol oxidase) and peroxidase 
(POD) and horseradish POD are widely used to enzymatically transform catechins and their 
derivatives to tea pigments (Bailey et al., 1993; Finger, 1994; Robertson and Bendall, 1983; 
Wan et al., 1997). Purified laccase (a polyphenol oxidase) obtained from Aspergillus sp. has 
been used to oxidize (—)epigallocatechin gallate (EGCG) to free catechins, catechin esters, 
gallic acid and tea pigments (Lee et al., 2015). 

Catechol oxidase (EC1.10.3.1) and laccase (EC 1.10.3.2) belong to a group of 


polyphenol oxidases containing copper atoms at their active sites. These enzymes catalyze the 


reduction of oxygen to water using a wide range of phenolic compounds as hydrogen donors. 
Catechol oxidases are mostly found in plants, but in 2010 the first fungal catechol oxidase 
was reported (Gasparetti et al., 2010). This enzyme was produced by Aspergillus oryzae. 
Laccases are oxidases that oxidize polyphenols, methoxy-substituted phenols, aromatic 
diamines and a range of other compounds, but do not oxidize tyrosine as tyrosinases do 
(Baldrian, 2006). Most laccases are extracellular, but a few are intracellular. Different 
laccases differ considerably in their catalytic preferences. Peroxidases (POD; EC1.11.1.7) are 
enzymes that use hydrogen peroxide to catalyze the oxidation of a variety of organic and 
inorganic compounds (Conesa et al., 2002). Most fungal PODs are extracellular. 
Theabrownins fractionated from Pu-erh tea have been shown to have diverse 
bioactivities (Gong et al., 2010; Wang et al., 2012; Wang et al., 2013). The health benefits of 
theabrownins have stimulated research into their overproduction. We previously reported a 
new process for producing TBs via submerged culture fermentation of green tea infusion 
using Aspergillus tubingensis TISTR 3647 (Wang et al., 2015; Wang et al., 2014). The 
volumetric productivity of TBs by this fungal process was nearly 11-fold higher than that of 
the traditional solid-state fermentation process. Although the use of a pure culture in 
combination with a controlled submerged fermentation is clearly superior to the traditional 
solid-state fermentation for producing TBs, it has certain inherent limitations. For example: (1) 
the optimal conditions for growing the fungus are not necessarily optimal for the production 
of TBs; (2) unwanted byproducts are produced as a consequence of the presence of a 
microorganism with diverse metabolic activities; and (3) the process of recovering the product 


from a fermentation broth containing the fungus is relatively complicated. 


In view of the above, in this work we sought to produce TBs by a novel process that did 
not require the presence of any microorganism in the bioreactor during conversion of the 
components of the tea infusion to TBs. Crude extracellular enzyme concentrates of fungi with 
the ability to produce POD and polyphenol oxidases (catechol oxidase and laccase) were used 
in the microbial-free biotransformation. Enzyme concentrates of four fungal strains isolated 
from a Pu-erh type tea solid-state fermentation were examined for their ability to produce TBs 
from tea infusions. The crude enzyme concentrate obtained from the most promising fungus 
was used in further detailed studies of production of TBs. These studies on a novel 
microorganism-free enzymatic process for producing TBs are reported. Throughout this work, 
catechol oxidase (a polyphenol oxidase) is represented as PPO and laccase is identified 


separately. 


2. Materials and methods 
2.1. Materials 
Assam sun-dried green tea leaves (Camellia sinensis var. assamica) with a moisture 
content 6.25% by weight were obtained from a plantation in Chiangrai province, Thailand. 
Aspergillus tubingensis TISTR 3646 (GenBank accession numbers: KJ948639, 
KJ948649, KJ948651), Aspergillus tubingensis TISTR 3647 (GenBank accession numbers: 
KJ948640, KJ948650, KJ948652), Aspergillus marvanovae TISTR 3648 (GenBank accession 
number: KJ948641), and Aspergillus fumigatus TISTR 3654 (GenBank accession number: 


KJ948647) previously isolated from a solid state fermentation of a Pu-erh type tea (Wang et 


al., 2015) were used. These fungi were maintained as pure cultures on PDA (per liter: potato 


starch 4 g, dextrose 20 g, chloramphenicol 0.1 g, agar 15 g) slants for further use. 


2.2. Screening microbial isolates for production of enzymes 

Assam sun-dried green tea leaves were infused in boiling distilled water (1 g leaves in 
30 mL of boiling water) and boiled for 15 min. The slurry was filtered to obtain a clear tea 
infusion. The volume was made up to 30 mL with distilled water. This infusion was 
pasteurized (80 °C, 30 min). The pasteurized and cooled green tea infusion was used as 
substrate without supplementation with any other nutrients. 

Prior results had shown that the above mentioned four fungi were nearly equally 
capable of converting the tea polyphenols (TPs) in a green tea infusion to TBs (Wang et al., 
2015). As bioconversion of TPs to TBs is closely linked to the extracellular enzymes 
produced by the fungi, these four fungi were screened for their ability to produce extracellular 
enzymes particularly catechol oxidase, laccase and peroxidase. 

Two loopfuls of individual isolate were transferred aseptically from a PDA slant to 250 
mL of the pasteurized tea infusion contained in a 500-mL Erlenmeyer flask. The flasks were 
incubated aerobically (37 °C, 250 rpm, 108 h) on an incubator shaker (Infors HT Ecotron, 
Switzerland). The fermentation broth was sampled periodically. The samples were 
immediately filtered (11 um pore size, cellulose filters, No. 1004 125, Whatman, UK) and the 


clear filtrate was used for analyses. 


2.3. Effect of substrate concentration on enzymatic production of theabrownins by crude 
enzyme concentrate 

A. tubingensis TISTR 3647 was found to produce catechol oxidase, laccase and 
peroxidase with higher average activities than the other three isolates. Furthermore, the isolate 
TISTR 3647 achieved higher volumetric production rates and specific production rates of the 
enzymes relative to the other isolates. Therefore, TISTR 3647 was selected for producing 


these enzymes for subsequent use in enzymatic production of TBs. 


2.3.1. Preparation of crude enzyme concentrate 

Pasteurized green tea infusion was prepared as mentioned above. This infusion (250-mL 
in a 500-mL Erlenmeyer flask) was inoculated aseptically with two loopfuls of A. tubingensis 
TISTR 3647 taken from a PDA slant. The flasks were incubated aerobically on an incubator 
shaker (250 rpm, 37 °C, 60 h). 

The above fermentation broth was filtered using a Buchner funnel. The clear filtrate 
(100 mL) was concentrated to 17 mL by evaporating the water in a rotary vacuum evaporator 
(N-1200B; Eyela, Japan; www.eyelaworld.com) operated at 40 °C and 100 rpm. This 
concentration step took less than 30 min. The resulting crude enzyme concentrate was used in 
the TPs biotransformation experiments. The activities of peroxidase, catechol oxidase and 
laccase in the crude enzyme concentrate were 127, 36, and 49 U/mL, respectively. The 


enzyme activities were measured as explained in Section 2.5. 


2.3.2. Theabrownins production by crude enzyme concentrate at various initial concentrations 
of the substrate 

Green tea infusion was prepared as described above. This infusion (580.8 mL) was 
concentrated to 96.8 mL in a rotary vacuum evaporator operated at <40 °C and 100 rpm. The 
resulting concentrate was divided to two portions. A 83 mL portion (equivalent to 1 g tea 
leaves in 5 mL distilled water) was used directly as the substrate. A second 13.8 mL portion 
was made up to 83 mL using distilled water (equivalent to | g tea leaves in 30 mL distilled 
water) and then used as the substrate. Prior to adding the enzyme concentrate, the substrates 
were pasteurized (80 °C, 30 min) to suppress microbial action. 

In all TBs production studies, the enzyme concentrate was added to the substrate such 
that the final mixture contained 17% (v/v) of the crude enzyme concentrate. The enzymatic 
transformation was carried out in 250-mL Erlenmeyer flasks at 37 °C and 250 rpm. Three 
treatments I-III (Table 1) were used with different initial concentration of the substrate. Prior 
to use the crude enzyme concentrate had been filtered (0.45 um pore cellulose acetate 
membrane filter) to remove all microbial cells. Distilled water used in preparation and 
dilution of the substrate had been autoclaved at 121 °C for 15 min. The reaction mixture was 


sampled periodically for analyses. 


2.4. Enzymatic production of theabrownins in a 2-L bioreactor 
2.4.1. Production without pH control 
Green tea infusion and the crude enzyme concentrate were prepared as explained above. 


The bioreactor was operated as a batch. The initial working volume in the 2-L stirred tank 
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bioreactor (Biostat® B, B. Braun Biotech International, Germany) was 600 mL. This 
comprised 498 mL of the pasteurized green tea infusion (equivalent to | g tea leaves in 5 mL 
distilled water) and 102 mL of microfiltered crude enzyme concentrate. The bioreactor was 
aerated with sterile air at a flow rate of 1 vvm. The agitation speed was 250 rpm and the 
incubation temperature was 37 °C. The pH in the reaction medium was monitored by a pH 
sensor and recorded. The initial pH was 6.0. The reaction mixture was sampled periodically 


for analyses. 


2.4.2. Production at a controlled pH of 7.0 

In a batch operation (Batch I) in the above mentioned bioreactor, 498 mL of pasteurized 
green tea infusion (equivalent to | g tea leaves in 5 mL of distilled water) was aseptically 
transferred to the pre-sterilized bioreactor using a peristaltic pump. The pH of the infusion 
was adjusted to 7.0 by adding sterile 3 M NaOH. Microfiltered enzyme concentrate (102 mL) 
was added aseptically. The pH was monitored and controlled at 7.0 by automatic addition of 
sterile NaOH (3 M) and citric acid (3 M), as needed. The bioreactor was aerated with sterile 
air at a flow rate of 1 vvm. The agitation speed was 250 rpm and the incubation temperature 
was 37 °C. The reaction mixture was sampled periodically during the first 28 h of operation. 

The above mentioned batch operation was repeated as Batch II. Batch II used the 
residual reaction mixture of the Batch I as the substrate. A further amount (90 mL) of the 
microfiltered crude enzyme concentrate was added to 439 mL of the residual reaction mixture. 
The newly added crude enzyme concentrate comprised 17% (v/v) of total reaction mixture. 


Batch II was run for 48 h and samples were taken periodically. 
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2.5. Analytical procedures 

Each sample was divided into two parts. One part was used to measure the activities of 
polyphenol oxidases (catechol oxidase and laccase) and peroxidase (POD). The second part 
was immediately quenched by heating to 75 °C for 5 min in a water bath. The quenched 
sample was used to measure the levels of tea polyphenols, theaflavins, thearubigins, and 
theabrownins. 

The activities of catechol oxidase and POD were measured using modified methods of 
Aquino-Bolafios and Mercado-Silva (2004) and Ciou et al. (2011), respectively, as previously 
explained (Wang et al., 2014). One unit of enzyme activity (catechol oxidase or POD) was 
defined as the quantity of the crude enzyme that produced an increase in absorbance of 0.01 
units per min at 420 nm. 


Activities (U/mL) of catechol oxidase and POD were calculated as follows: 


(Atest—Ablank) XVfxDF 


Enzyme activity (U/mL) = 0.01xtxV 
E 


(1) 
where Atest and Aptank are the absorbance of test and blank samples at 420 nm (UV-1800 
Shimadzu spectrophotometer, Kanagawa, Japan), respectively; V; is final volume (mL) of the 
reaction mixture; DF is the dilution factor of the enzyme solution; 0.01 is the change in 
A420nn/min per unit of enzyme at pH 7.0 and 40 °C; fis the reaction time (min); and Vg is the 
volume (mL) of the enzyme sample used. 

Laccase activity was measured using a modified colorimetric method (Bourbonnais and 


Paice, 1992). The enzyme sample (0.05—0.5 mL), 2.4 mL of phosphate buffer (0.2 mM, pH 7), 


and 0.3 mL of ABTS (2,2'-azinobis [3-ethylbenzothiazoline-6-sulfonic acid]-diammonium 
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salt; 1 mmol L’) were mixed and incubated at 40 °C for 5 min. The absorbance of the 
reaction mixture was followed at 420 nm. One unit of laccase activity was defined as the 
quantity of the enzyme that produced an increase in absorbance of 0.01 units per min at 420 


nm. Laccase activity (U/mL) was calculated as follows: 


(A, —-Ap)XV¢xDF 
0.01xtxVE 


Laccase activity (U/mL) = (2) 

In the above equation, Apo is the initial absorbance and A; is the absorbance after incubation 
for 5 min; V; is the final volume (mL) of the reaction mixture; DF is dilution factor of enzyme 
sample; 0.01 is the change in A420nm/min per unit of enzyme at pH 7.0 and 40 °C; ris reaction 
time (min); and Vg is the volume (mL) of the enzyme sample used. 

The tea polyphenols (TP) were determined colorimetrically in accordance with the ISO 
14052 standard method (ISO 14502-1:2005 Determination of substances characteristic of 
green and black tea. Part 1: Content of total polyphenols in tea — Colorimetric method using 
Folin-Ciocalteu reagent). 

Theaflavins, thearubigins, and theabrownins were measured using slight modifications 
of the methods described by Wang et al. (2011). Briefly: 

(1) 6 mL of sample was vortex mixed with 6 mL of ethyl acetate for 5 min. The layers 
were allowed to separate into an upper ethyl acetate Layer A and a lower aqueous Layer D. 

(2) 3.2 mL of ethyl acetate Layer A was shaken vigorously with 3.2 mL of 2.5% 


NaHCO; solution for 30 s. The upper layer of ethyl acetate (Layer C) was recovered and the 


lower aqueous layer was discarded. 
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(3) 1.6 mL of the sample was vortex mixed with 1.6 mL of n-butanol for 3 min. The 
solvent layers were allowed to separate. The upper n-butanol layer was removed and the 
lower aqueous layer (Layer B) was kept. 

(4) A 0.8 mL portion of the ethyl acetate Layer A was made up to 5 mL with 95% 
ethanol to produce Solution a. A 0.8 mL portion of the ethyl acetate Layer C was made up to 
5 mL with 95% ethanol to produce Solution y. A 0.4 mL portion of the aqueous Layer B was 
made up to 5 mL by adding 0.4 mL of saturated oxalic acid solution, 1.2 mL of distilled water 
and 3 mL of 95% ethanol. This produced Solution B. A 0.4 mL portion of the aqueous Layer 
D was made up to 5 mL by adding 0.4 mL of saturated oxalic acid solution, 1.2 mL of 
distilled water and 3 mL of 95% ethanol. This produced Solution 6. 

(5) The spectrophotometric absorbance of Solution o (= E's), Solution B (= Ex), 
Solution y (= Ec) and Solution 6 (= Ep) were measured in a 1-cm quartz cell at 380 nm. The 
blank for Solutions a and y was 0.8 mL of ethyl acetate made up to 5 mL with 95% ethanol. 
The blank for Solutions B and 6 consisted of 0.4 mL of distilled water made up to 5 mL with 
0.4 mL of saturated oxalic acid solution, 1.2 mL of distilled water and 3 mL of 95% ethanol. 

The concentrations of theaflavins (TFs), thearubigins (TRs), and theabrownins (TBs) 


were calculated as follows: 


__ 2.25xE¢ 10 
TFs (g/L) = om X 0.72 x ae d (3) 
TRs (g/L) = 7.06X(2XEq,+2XEp—Ec—-2xXEp) x 0.72 x 10 Sa (4) 
1-m Vy 
__ 7.06X2XEB 10 
TBs (g/L) = T,X (0.72 x ie d (5) 


In the above equations d is dilution factor of the samples used for absorption measurements; 


m (% by weight) is the moisture content of the tea leaves used to produce the green tea 
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infusion; the multiplier of 0.72 corrects for a different ratio of tea leaves and water used here 
to make the tea infusion compared to the values used in the original reference (Wang et al., 
2011); and V; is the volume of the water (mL) used to extract one gram of the green tea 


leaves. All assays were in duplicate. 


2.6. Data analysis 

Data were expressed as mean values + standard deviation (SD). Duncan’s one-way 
ANOVA was carried out using the SPSS 16.0 software for Windows (SPSS Inc., Chicago, IL, 
USA). Differences were considered statistically significant when the p-value was less than 
0.05. 

Kinetic parameters were calculated according to Sirisansaneeyakul et al. (2013). The 
kinetic parameters were calculated on a specific volume basis to account for the changes in 
volume caused by sampling. The measured concentrations were corrected for the volume 
changes, as follows: 

Corrected concentration = Measured concentration x 7 (6) 

In Eq. (6), Vo is the initial volume (mL) of the fermentation broth/enzymatic reaction mixture 
and V; is the volume (mL) at any time t. The measured concentrations corrected for the 
volume changes, as above, were used in calculating the yields. 

The corrected concentrations were used in calculating all the kinetic parameters. The 
volumetric consumption rate of substrates (Qs), the volumetric production rate of tea 
theabrownins (Qrg), and the volumetric production rates of enzyme activities were calculated 


as follows: 


15 


Csi—Cs, 
Qs = ae : (7) 
2—ty 
CrB,2—CTB, 
Oe Sas * (8) 
2—ty 
Ag,2—AE, 
Qp = “Sete 9) 
2—ty 


In the above equations, Cs; and Cs are the concentrations of substrates at time ¢) and f2 (tf > 
t,) in the fermentation/reaction mixture, respectively; Crp; and Crp,2 are the concentrations of 
tea theabrownins at time f and fz (fh > f) in the fermentation/reaction mixture, respectively; 
Ag, and Agz are the activities of enzymes at time f¢ and f2 (f% > f,) in the fermentation/reaction 
mixture, respectively. 

The yield coefficient (Yrp/s) of theabrownins on substrates was obtained from the initial 
and final measured values of the relevant concentrations; thus: 


Yrp/s — CTBf—CTBO (10) 


Cso—-Cs f 


where Cs and Cs are the concentrations of substrates at the beginning (time = fo) and the 
end (time = fs) of the fermentation/reaction, respectively; and Crp and Crp, are the 
concentrations of tea theabrownins at the beginning (time = fo) and the end (time = fs) of the 


fermentation/reaction, respectively. 


3. Results and discussion 
3.1. Capability of the fungi for producing the enzymes 

Prior work had shown that A. tubingensis TISTR 3646, A. tubingensis TISTR 3647, A. 
marvanovae TISTR 3648, and A. fumigatus TISTR 3654 were able to effectively convert tea 
polyphenols to TBs in submerged fermentations of green tea infusions (Wang et al., 2015). As 


this bioconversion is closely related to the ability of the fungi to produce the relevant enzymes, 
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these four fungal strains were screened for production of catechol oxidase, laccase and 
peroxidase (POD). 

For these fungi, the profiles of substrate (i.e. TPs) consumption and product (i.e. TFs, 
TRs, TBs) formation during fermentation of a tea infusion are shown in Fig. 1. The figure 
also shows the activity profiles of the three enzymes during fermentation. For a typical 
fermentation (e.g. Fig. 1a), the concentration of the tea polyphenols, or the substrate, 
remained essentially constant for the first 24 h of culture (Fig. 1). During this period the 
concentrations of the enzymes were low. Afterwards, the concentrations of the enzymes 
increased rapidly, in particular the concentration of POD. This resulted in an enhanced rate of 
consumption of the substrate. For example, in Fig. la the concentration of tea polyphenols 
decreased rapidly from 6.5 to 2.0 g/L as a consequence of being oxidized and polymerized to 
the heterogeneous theabrownins. During the first 24 h, the concentrations of TFs and TRs 
increased (Fig. la) as a consequence of production from phenolic compounds such as 
catechins and epticatechins present in the green tea infusion. Afterwards, during 24—60 h, the 
concentrations of both TFs and TRs decreased rapidly as they were further oxidized and 
polymerized to TBs and its precursors. During the first 24 h, the concentration of TBs was 
nearly constant as the enzymes needed to form TBs were yet to achieve a high concentration. 
After about 60 h, production of TBs slowed as the substrates for their production had run low. 
The fermentation profiles of TPs, TFs, TRs, TBs and the enzymes for all fungi had similar 
patterns to those explained above for A. tubingensis TISTR 3646 (Fig. 1a), although there 


were specific differences. 
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For example, in the fermentations carried out with A. marvanovae TISTR 3648 (Fig. Ic) 
and A. fumigatus TISTR 3654 (Fig. 1d), the increase in the concentration of TF during the 
first 24 h was quite pronounced compared to the other cases (Fig. 1). Using A. marvanovae 
TISTR 3648, the increase in concentration of TF during the first 24 h was 8-fold (Fig. 1c) 
whereas it was <1.5-fold for the cases of A. tubingensis TISTR 3646 (Fig. la) and A. 
tubingensis TISTR 3647 (Fig. 1b). 

These differences were closely related to the differences in production of the different 
enzymes by different strains. A. tubingensis (Fig. la, b) produced higher peroxidase activity 
compared to the activities of catechol oxidase and laccase activities. In contrast, A. 
marvanovae (Fig. 1c) and A. fumigates (Fig. 1d) produced more of catechol oxidase activity 
compared to activities of laccase and peroxidase. Catechol oxidase has been reported to 
mainly oxidize tea flvan-3-ols to TFs and the TFs are stable in the presence of catechol 
oxidase. However, TFs are readily oxidized by peroxidase (POD) to other polymeric products 
such as TR and TB (Finger, 1994; Haslam, 2003). Thus, a relatively high catechol oxidase 
activity led to a higher accumulation of TFs, but these were further oxidized once a high 
peroxidase activity was achieved. 

Another noticeable difference was in the consumption of tea polyphenols. The TBs 
yield on substrates (TPs) during fermentations with A. marvanovae TISTR 3648 and A. 
fumigatus TISTR 3654 was much higher than the same yield in the fermentations involving 
the two A. tubingensis (Table 2). This was likely a consequence of differences in synergism of 
the various enzymes in different systems. For example, the average enzyme activities (Az) and 


the volumetric production rate of enzymes (Qpg) by A. tubingensis TISTR 3647 were higher 
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than for the other fungi (Table 2). In view of this, A. tubingensis TISTR 3647 was used for 
producing the enzymes for use in all microorganism-free studies of bioconversion of tea 
polyphenols to TBs. As TPs, TFs and TRs are all substrates for production of TBs (Fig. 1), 
the sum of their concentrations was used for calculating the kinetic parameters. Similarly, the 
sum of the activities (Ag, U/mL; Table 2) of peroxidase, catechol oxidase and laccase was 


used in the calculations. 


3.2. Influence of substrate concentration on enzymatic production of theabrownins 

As shown in Fig. 2, the initial tea polyphenols, theaflavins and thearubigins in 
Treatment III were much higher than in Treatments I and I, as a more concentrated green tea 
infusion was used as substrate in Treatment III. In all treatments, the concentration of TPs 
decreased progressively as a result of consumption by the enzymatic reactions. In all 
treatments, the intermediate products (i.e. TFs and TRs) initially increased in concentration 
and afterwards declined. The concentration of TBs increased hyperbolically to reach some 
constant value determined by the total amount of the available substrate. Activities of all three 
enzymes tended to decline once a certain concentration of TBs had accumulated in the 
bioreactor (Fig. 2). This was attributed to inhibition of the enzymes by TBs, the product of the 
reaction, or to loss by denaturation. 

Theabrownins formation in Treatments II (Fig. 2b) and III (Fig. 2c) was low during the 
initial 8—24 h, respectively. Subsequently, rapid conversion of tea polyphenols to 
theabrownins in Treatment II (Fig. 2b) was observed. Thus, during 8-60 h, the concentration 


of TBs increased from 2.7 g/L to 12.1 g/L (Fig. 2b). An increase of peroxidase (POD) activity 
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was observed simultaneously (Fig. 2b). Afterwards, the TB concentration did not change. 
Profiles of tea polyphenols and theabrownins in Treatment HI (Fig. 2c) showed similar trends 
as in Treatment II (Fig. 2b). 

The volumetric rates of TBs production (Qrg) and enzyme production (Qg), and the 
yield of TBs on phenolic compounds (Yrp,/s), were all significantly higher in Treatment I 
relative to the other two treatments (p<0.05) (Table 2). Overall, enzymatic conversion of tea 
polyphenols to theabrownins proved to be feasible without the presence of any 


microrganisms. 


3.3. Theabrownins production using crude enzyme concentrate in a 2-L bioreactor 
3.3.1. Without pH control 

Concentrated substrate (i.e. pasteurized green tea infusion equivalent to | g tea leaves in 
5 mL distilled water) and the crude enzyme concentrate were used. The volume ratio of the 
tea infusion to the enzyme concentrate was 83:17. The initial pH of the reaction mixture was 
6.0. The pH declined progressively as the reaction progressed (Fig. 3a). After 40 h the pH was 
5.2. The profiles of concentrations of TPs, TRs, TBs and the enzyme activities are shown in 
Fig. 3a. 

There was barely any production of TBs or consumption of TPs (Fig. 3a). Since laccase 
activity was not observed under the current condition, the observed limited conversion of tea 
polyphenols to TFs, TRs and TBs occurred as a result of activities of catechol oxidase and 


peroxidase as shown in Fig. 3a. 
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A lack of laccase activity in the reaction mixture (Fig. 3a) was surprising as fungal 
laccases typically exhibit pH optima in an acidic pH range, but exceptions exist (Baldrian, 
2006). The laccase of A. tubingensis TISTR 3647 was probably nonfunctional under the 
acidic environment of the reaction mixture. Also, after 28 h, the peroxidase activity was 
undetectable (Fig. 3a). Although catechol oxidase was still available, TFs and TRs were not 
further converted to TBs. This suggested that peroxidase played a key role in the conversion 
of phenolic compounds such as TFs and TRs to TBs. In addition, the catechol oxidase of A. 
tubingensis TISTR 3647 exhibited considerably higher activity in the pH range of 5.2—6.0 
(Fig. 3a) compared to the activity at other pH values. This pH range for high activity was 
similar to that reported for catechol oxidase of Aspergillus oryzae (AoCO). The AoCO was 
almost fully active in the pH range of 5.0—7.0, with an optimum at pH 5.6 (Gasparetti et al., 


2010). AoCO had good pH stability at neutral and alkaline pH values (Gasparetti et al., 2010). 


3.3.2. With pH controlled at 7.0 

The TB production profile at the controlled pH of 7.0 is shown in Fig. 3b. Control of the 
pH dramatically affected production compared to when the pH was not controlled (Fig. 3b). 
TB concentration increased progressively from an initial value of 11.3 g/L to 39.3 g/L by 10h 
and further to 48.8 g/L by 28 h (Fig. 3b). Simultaneously, tea polyphenols decreased from an 
initial concentration of 26.5 g/L to 15.3 g/L (at 28 h) as a consequence of conversion to TBs. 
Although the total amounts of the enzymes in the reaction mixture did not change, the 
activities of the various enzymes varied during the reaction (Fig. 3b) because the 


concentration of both reactants (e.g. TPs) and the products (e.g. TBs) affected the enzyme 
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activity. The activity of peroxidase was particularly susceptible to the concentrations of the 
reactants/products. 

At 28 h, an amount (90 mL) of fresh crude enzyme concentrate was added to the 
residual reaction mixture (439 mL). The bioreactor operation was continued until 56 h as 
Batch II (Fig. 3b). During the period of 28 to 56 h, the TB concentration increased only 
slightly, from 48.7 g/L to 56.5 g/L. Therefore, an input of the fresh enzymes had little effect 
on production as by 28 h much of the convertible substrate had already been converted to TBs. 
The residual or nonconvertible TP at this stage was about 13 g/L. Note that after addition of 
the fresh enzyme concentrate at 28 h, the reaction system had high activities of all three 
enzymes (Fig. 3b). 

In conclusion, the control of pH at 7.0 was essential for effective production of TBs 
from tea polyphenols. This was clearly revealed by the values of the various reaction kinetic 
parameters (Table 3). For example, the final TBs concentration (Crp), the volumetric 
consumption rate of phenolic compounds (Qs), the volumetric production rate of TBs (Qrpg), 
and the yield of TBs on phenolic compounds (Y7p,;s) in Batch I (Fig. 3b) with the pH 
controlled at 7.0 were significantly (p < 0.05) higher than for the reaction carried out without 


pH control (Fig. 3a). 


3.4. Comparison of theabrownins production methods 
Theabrownins are commercially produced by extraction from ripe Pu-erh tea. In 
addition, a submerged culture process has been developed to produce TBs by fermentation of 


infusions of green tea leaves (Wang et al., 2015). The microorganism-free enzymatic 
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oxidation process examined in the present work offers a third option. Production of ripe 
Pu-erh tea requires a lengthy solid state fermentation and this limits TB production via this 
route. 

The kinetic parameters of TB production by the different methods are summarized in 
Table 3. The crude enzyme concentrate used in the enzymatic process in the present work had 
been derived from the same microorganism A. tubingensis TISTR 3647 as was previously 
used in submerged fermentation (Wang et al., 2015). The fermentation had been carried out 
by inoculating a green tea infusion (1 g tea leaves per 30 mL distilled water) with spores of A. 
tubingensis TISTR 3647 and incubating at 37 °C in an Erlenmeyer flask (250 rpm). The 
enzymatic production used similar conditions (37 °C, 250 rpm), but instead of inoculation 
with a microorganism the green tea infusion (1 g tea leaves per 30 mL distilled water) was 
dosed with the crude enzyme concentrate (17 mL enzyme concentrate per 83 mL of tea 
infusion). 

In terms of the final TBs concentration, the volumetric production rate of TBs, and the 
yield of TBs based on the sum of the substrates (TPs, TFs, TRs), the enzymatic production 
process proved to be superior to the submerged fermentation process and also to the 
traditional solid state fermentation process (Table 3). For example, the volumetric production 
rate of TBs by the enzymatic process was 0.084 g/L h, but the same rate was 0.066 g/L h in 
the submerged fermentation process. The volumetric production rate of TBs by the enzymatic 
process was nearly 8-fold higher compared to the solid state fermentation process (Table 3). 

When a more concentrated green tea infusion (equivalent to 1 g tea leaves per 5 mL 


distilled water) was used, sufficient aeration was provided and the pH was controlled at 7, the 
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enzymatic process provided a final TBs concentration of 44.4 g/L and a volumetric 
production rate of TBs of 1.656 g/L h. This final titer of TBs was more than 8-fold higher 
than in submerged fermentation and the volumetric production rate was nearly 24-fold higher 
relative to submerged fermentation (Table 3). All this suggested that the enzymatic process 


for making TBs to be far better than the alternatives. 


3.5. The proposed pathway of theabrownins formation 

Production of theabrownins via microbial action during submerged and solid-state 
fermentations is related to the extracellular enzymes produced by the microorganisms. 
Enzymes such as peroxidase (POD) and tea leaf polyphenol oxidases (PPO, particularly 
catechol oxidase) have been found to play a role in oxidizing phenolic substances to tea 
pigments. POD supplemented with H2O2 has been shown to convert tea flavanols to TRs (Dix 
et al., 1981). Furthermore, a mixture of TFs that was stable in the presence of air and catechol 
oxidase, was rapidly converted to polymeric substances through synergistic action of POD 
and H2O>. 

In vitro oxidation of relevant catechin pairs with catechol oxidase and oxygen gave 
higher levels of TFs and less polymerized (or resolved) TRs. Treating the same catechin pairs 
with POD and peroxides such as H2O2 gave higher amounts of more polymerized (or 
unresolved) TR of higher molecular weight (Finger, 1994; Robertson and Bendall, 1983). 
Laccase from a Aspergillus sp. has been shown to oxidize EGCG into free catechins, ester 


catechins, gallic acid and tea pigments (TFs, TRs and TBs) (Lee et al., 2015). 
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In solid state production of Pu-erh tea, extracellular enzymes secreted by the 
microorganisms are thought to first act on tea polyphenols (TPs), especially catechins, to 
oxidize them into quinones. These are further oxidized and polymerized to TFs and TRs. TFs 
and TRs are then oxidized, coupled, and polymerized with other substances to form TBs 
(Peng et al., 2013; Wang et al., 2011). However, it is still not clear whether TFs and TRs are 
essential intermediates for the formation TBs. 

The extracellular enzymes secreted by the microorganisms involved in solid state tea 
fermentation are extremely diverse. Which specific enzymes are key to production of TBs 
from tea phenolics remains to be elucidated. Based on earlier studies (Dix et al., 1981; Finger, 
1994; Lee et al., 2015; Robertson and Bendall, 1983) and the results obtained here, possible 
pathways for the production of TBs from phenolic substances of the green tea infusion are 
shown in Fig. 4. Firstly, the tea polyphenols, mainly catechins, are oxidized to quinones 
which are further oxidized and polymerized to TFs, TRs and TBs by enzymatic action. This is 
inferred from the data shown in Figs. 1-3 where TFs and TRs are always seen to increase in 
the early part of the reaction before being consumed later. In Fig. 3b, TFs and TRs were both 
undetectable after 6 h, but TBs continued to be produced from tea polyphenols. The 
presumption, therefore, is that tea polyphenols can be directly oxidized and polymerized to 
TBs without going through the intermediates of TFs and TRs. Secondly, TFs inherently 
present in the green tea infusion, or generated via oxidation of quinones, can be further 
converted to TRs and TBs by peroxidase or laccase. Thirdly, the TRs inherently existing in 
the green tea infusion, or generated via oxidation of quinones or TFs, can be further 


polymerized to TBs by the action of peroxidase (POD) or laccase. 
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Under the conditions used, catechol oxidase produced by A. tubingensis TISTR 3647 
was unable to convert TFs and TRs to TBs. In Fig. 3a, catechol oxidase was still available 
after 28 h, while both peroxidase and laccase were undetectable, but TFs and TRs were not 
further converted to TBs, even though both TFs and TRs existed in the reaction mixture at 
considerably high levels. This is consistent with the observations of Dix et al. (1981) who 
reported that TFs was stable in the presence of air and catechol oxidase. From the current 
study, it is difficult to determine which enzyme plays a key role in the oxidization of tea 
polyphenols to quinones, as changes in concentration of quinones were not monitored. This 
notwithstanding, both catechol oxidase and POD are known to catalyze the oxidation of 
o-diphenols to their quinones. PPO requires the presence of oxygen and POD requires a 
peroxide such as H2O>. 

In our TBs production process, oxygen was supplied by bubbling sterile air through the 
reaction medium, but no specific peroxide was added. However, the action of catechol 
oxidase on certain flavanols has been reported to produce H2O2 which may then be used as an 
oxidizing agent by POD (Finger, 1994). This may explain why POD present in the crude 
enzyme concentrate functioned well without an exogenous peroxide being supplied. Thus, 
peroxidase, catechol oxidase and laccase present in the crude enzyme concentrate can be 
safely surmised to work synergistically to oxidize and polymerize phenolic compounds of the 
green tea infusion to the bioactive TBs. 

Based on evidence from the present work, POD is certainly important for the formation 
of TBs. It not only oxidizes quinones directly to TBs (Fig. 3b) (Finger, 1994; Robertson and 


Bendall, 1983), but also has a key role in the conversion of TFs and TRs to TBs. This is seen 
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Fig. 3a: in the absence of pH control (pH always < 7.0), when both catechol oxidase and 
peroxidase were available in the initial 28 h of the reaction, the tea polyphenols were 
converted rapidly to TFs, TRs and TBs. After 28 h, the peroxidase activity was undetectable, 
while catechol oxidase was still available, but the phenolic compounds (especially TFs and 
TRs) were not further converted to TBs. With the pH controlled at ~7.0 (Fig. 3b), a high 
activity of POD occurred during 0-10 h and there was rapid conversion of TFs, TRs and other 
phenolic compounds to TBs. 

The conversion of phenolic compounds to TBs is extremely complicated. As shown in 
Fig. 3, although the same green tea infusion and crude enzyme concentrate were used, initial 
TFs, TRs and TBs measured at pH 6.0 (Fig. 3a) were 0.82, 10.16, and 6.80 g/L, respectively. 
The initial concentrations of the same compounds measured at pH 7.0 were 0.18, 1.89, and 
11.29 g/L, respectively (Fig. 3b). This suggests that either the stability of these compounds is 
highly dependent on pH and/or pH changes their state of ionization so that concentration 


measurements are affected. 


4. Conclusions 

Aspergillus tubingensis TISTR 3647 isolated from a solid-state Pu-erh type tea 
fermentation produced extracellular enzymes that could convert tea polyphenols and other 
compounds in a green tea infusion to TBs in a reaction mixture free of microorganisms. The 
crude concentrate of the extracellular enzymes had activities of peroxidase, catechol oxidase 


and laccase. 
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In a well aerated and pH controlled environment of a 2-L bioreactor (37 °C, pH of 7.0, 
aeration rate of 1 vvm, agitation speed of 250 rpm), the concentrated infusion (1 g green tea 
leaves in 5 mL distilled water) mixed with the enzyme concentrate (17 mL enzyme 
concentrate per 83 mL tea infusion) provided at TBs concentration of 39.3 g/L in 10 h and 
56.0 g/L in 44 h. The cocktail of enzymes acted synergistically in converting the phenolic 
compounds in green tea infusion to theabrownins. Peroxidase played the most important role 
in the conversion process, but laccase was also important. Peroxidase was crucial in 
converting TFs and TRs to TBs. An absence of peroxidase may lead to an accumulation of 
TFs and TRs in the reaction medium and this is unfavorable to TBs formation. 

The enzymatic oxidation process developed here was more effective in producing TBs 
from a given green tea infusion compared to production through fermentation of the same 
infusion with Aspergillus tubingensis TISTR 3647, the fungus that was the source of the 
crude enzyme concentrate. The novel enzymatic process was reproducible. It offers a totally 


new and a superior option for commercial production of theabrownins. 
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Figure captions 

Fig. 1. Fermentation profiles of tea infusion. Changes in activities of enzymes (catechol 
oxidase, PPO; peroxidase, POD) and concentrations of tea polyphenols (TP), theaflavins (TF), 
thearubigins (TR) and theabrownins (TB) during fermentation with: (a) A. tubingensis TISTR 
3646; (b) A. tubingensis TISTR 3647; (c) A. marvanovae TISTR 3648; and (d) A. fumigatus 


TISTR 3654. Data are mean values + SD. 


Fig. 2. Theabrownins production by the action of crude enzyme concentrate: (a) Treatment I 
(crude enzyme concentrate + distilled water); (b) Treatment II (crude enzyme concentrate + 
green tea infusion (equivalent to 1 g tea leaves in 30 mL distilled water); and (c) Treatment III 
(equivalent to 1 g tea leaves in 5 mL distilled water). Concentration profiles of tea 
polyphenols (TP), theaflavins (TF), thearubigins (TR) and theabrownins (TB) are shown. 
Enzyme activity (catechol oxidase, PPO; peroxidase, POD) profiles are also shown. Data are 
mean values + SD. Note that the crude enzyme concentrate contained residual TP, TF, TR and 


TB as it was prepared by growing the fungus in a tea infusion. 


Fig. 3. Theabrownins production in the bioreactor by the action of crude enzyme concentrate: 
pH not controlled (a); pH controlled at 7.0 (b). Concentration profiles of tea polyphenols (TP), 
theaflavins (TF), thearubigins (TR) and theabrownins (TB) are shown. Enzyme activity 
(catechol oxidase, PPO; peroxidase, POD) profiles are also shown. Data are mean values + 


SD. 


ACCEPTED MANUSCRIPT 


a2 


Fig. 4. Proposed pathway of theabrownins formation from tea polyphenols. (R2O>z is a 


peroxide such as H202). 
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Table 1 


Treatments used in enzymatic production of theabrownins in shake flasks. 


Treatment Description 
I 17 mL crude enzyme concentrate + 83 mL distilled water 
II 17 mL crude enzyme concentrate + 83 mL green tea infusion (equivalent to | g 


tea leaves in 30 mL distilled water) 
Ii 17 mL crude enzyme concentrate + 83 mL green tea infusion (equivalent to | g 


tea leaves in 5 mL distilled water) 


Note that the crude enzyme concentrate contained residual TP, TF, TR and TB as it had been 


prepared by growing the fungus in a tea infusion. 


Table 2 
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Kinetic parameters’ of production of the enzymes by four fungal strains and production of theabrownins by crude enzyme concentrate from A. 
Pp p y y g Pp y y 


tubingensis TISTR 3647 with varied substrate concentrations. 


Enzyme production from fungal strains 


Culture 
Strain time (h)” Cs (g/L) Crp (g/L) Ar (U/mL) Qs (g/L h) Ors (g/L h) Or (U/mL h) Y rps (g/g) 
A. tubingensis 
TISTR3646 72 9.05+0.31°  4.46+0.06" —-:10.50+0.88? —0.124+0.004® —0.064+0.003° —-0.394+0.087" —_0.517+0.037° 
A. tubingensis 
TISTR3647 72 9.0540.31*  4.66+0.11* —-10.6741.818 —0.129+0.004® —0.066+0.001* —0.269+0.028® —0.513+40.002" 
A.marvanovae 108 9.05+0.31° — 9.07+0.15° — 6.10+0.73" —-0.067+0.001* — 0.084+0.005® —-0.005+0.002" —_1.250+0.097° 


TISTR3648 
A. fumigatus 


TISTR3654 72 9.0540.31° —-7.44+0.658 9.124+0.61° = 0.112+0.0128 


0.107+0.008° 


0.106+0.024" 
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0.973+0.1818 


Theabrownins production by crude enzyme concentrate from A. tubingensis TISTR 3647 with varied substrate concentrations 


Reaction 

time (h)” Cs (g/L) Crp.t (g/L) Ag (U/mL) Qs (g/L h) Qrts (g/L h) Qz (U/mL h) Yrs (g/g) 
Treatment I 18 2.10+0.18"  5.62+0.04" —- 25.46+0.52“ —_0.058+0.014* —0.19940.011° — 0.404+0.0408 — 3.487+0.634° 
Treatment II 60 8.8140.04% —_7.6240.028 —-31.89+0.09° —_0.101+0.003" —0.084+0.000° —_-0.173+0.035" —0.829+0.025° 
Treatment III 72 35.4541.07°  8.8640.01° — 28.80+1.65 —0.307+0.026" + —0.037+0.006* —0.180+0.053" —0.122+0.008° 


“ All kinetic parameters were calculated according to Sirisansaneeyakul et al. (2013). 


> The culture/reaction time used in calculations was for the instance of the maximum concentration of theabrownins. All data are mean values + 


SD. Values marked with different superscript capital letters in the same column were significantly different (p < 0.05). 
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Cs.o = initial substrate concentration (sum of tea polyphenols (TPs), theaflavins (TFs) and thearubigins (TRs)) (g/L); Crs.¢ = the final 
theabrownins (TBs) concentration (g/L); Ag = sum of the average activities of the enzymes (peroxidase, catechol oxidase and laccase) (U/mL); 
Qs = the volumetric rate of substrate consumption (g/L h); Org = the volumetric rate of TB production (g/L h); Qg= the volumetric rate of 


enzyme production (U/mL h); Yrp/s = TB yield based on the sum of the substrates (g/g). 


ot 


Table 3 


Comparison of kinetic parameters of theabrownins production via the various routes." 


Enzymatic production in 2-L bioreactor (this work) 


Process Production time? (h) Cso (g/L) Crp (g/L) Qs (g/L h) Ore (g/L h) Yrps (g/g) 
Uncontrolled pH® 12 24.95+0.23" —-8.47+0.40° —-0.139+0.025" —0.139+0.039% —_-0.99340.103 
pH controlled at 7 (BatchI) 20 28.5741.06° 44.42+0.84® 0.646+0.083® —1.656+0.023" —-2.584+0.295° 
pH controlled at 7 (Batch II) 48 15.3940.00* — 53.92+0.03° 0.135+0.001* 0.264+0.008" —1.961+0.062® 
Microbial/enzymatic production (shake flasks, or static flasks) 

Process Culture time? (h) Cs, (g/L) Crp (g/L) Qs (g/L h) Ors (g/L h) Yrpys (g/g) 
Submerged fermentation® 2 9.05+0.314 4.66+0.11° —0.129+0.004© 0.066+0.001 — 0.513+0.002" 
Enzymatic production‘ 60 8.81+0.04" 7.62+0.02° — 0.101+0.0038 0.084+0.000°  —_-0.829+0.025® 
Solid state fermentation’ 336 10.6040.37%  —3.29+40.21* —0.014+0.002* —_0.009+0.001* —-0.64940.159"" 
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“ All kinetic parameters were calculated according to Sirisansaneeyakul et al. (2013). 

> Parameter values were calculated at the instance of the peak concentration of theabrownins. 

“ TPs was the only substrate (Fig. 3a). 

“ Fermentation conditions were: green tea infusion strength of 1 g tea leaves per 30 mL of distilled water, 37 °C, 250 rpm, and pure culture of A. 
tubingensis TISTR 3647. 

“ Reaction conditions were: green tea infusion strength of | g tea leaves per 30 mL distilled water, 17 mL of crude enzyme concentrate per 83 
mL of tea infusion, 37 °C, 250 rpm. The crude enzymes concentrate had been produced using A. tubingensis TISTR 3647. 

"From Wang et al. (2015). 

All data are mean values + SD. Values marked with different superscript capital letters in the same column were significantly different (p < 0.05). 
Cs.9 = initial substrate concentration (sum of tea polyphenols (TPs), theaflavins (TFs) and thearubigins (TRs), g/L); Crg.¢= the final 
theabrownins (TBs) concentration (g/L); Qs = the volumetric rate of substrate consumption (g/L h); Qrg = the volumetric rate of TB production 


(g/L h); Yrp/s = TB yield based on all substrates (g/g). 
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